The Notch signaling pathway is known to play important roles in inner ear development. Previous studies have shown that the Notch1 receptor and ligands in the Delta and Jagged families are important for cellular differentiation and patterning of the organ of Corti. Delta/ notch-like epidermal growth factor (EGF)-related receptor (DNER) is a novel Notch ligand expressed in developing and adult CNS neurons known to promote maturation of glia through activation of Notch. Here we use in situ hybridization and an antibody against DNER to carry out expression studies of the mouse cochlea and vestibule. We find that DNER is expressed in spiral ganglion neuron cell bodies and peripheral processes during embryonic development of the cochlea and expression in these cells is maintained in adults. DNER becomes strongly expressed in auditory hair cells during postnatal maturation in the mouse cochlea and immunoreactivity for this protein is strong in hair cells and afferent and efferent peripheral nerve endings in the adult organ of Corti. In the vestibular system, we find that DNER is expressed in hair cells and vestibular ganglion neurons during development and in adults. To investigate whether DNER plays a functional role in the inner ear, perhaps similar to its described role in glial maturation, we examined cochleae of DNER−/− mice using immunohistochemical markers of mature glia and supporting cells as well as neurons and hair cells. We found no defects in expression of markers of supporting cells and glia or myelin, and no abnormalities in hair cells or neurons, suggesting that DNER plays a redundant role with other Notch ligands in cochlear development.
INTRODUCTION
The Notch pathway is a key regulator in the development of many tissues, including the sensory epithelia of the inner ear. Notch1 is expressed in the developing sensory epithelia of the mammalian inner ear (Lewis et al. 1998 , Lanford et al. 1999 and several ligands for the Notch1 receptor are also expressed in the developing organ of Corti. Jagged1 (Jag1) is expressed at E10.5 in the prosensory region of the otic vesicle and is restricted to supporting cells during later development and in adults (Lewis et al. 1998 , Morrison et al. 1999 , Kiernan et al. 2006 , Oesterle et al. 2008 ). Delta-like 1 (Dll1), Dll3, and Jag2 are coexpressed in hair cells during embryonic development and become downregulated in the postnatal mouse cochlea (Lewis et al. 1998 , Lanford et al. 1999 , Morrison et al. 1999 , Hartman et al. 2007 ). The downstream effectors of the Notch pathway, Hes1, Hes5, Hesr1, Hesr2, and Hesr3, are all expressed in the developing organ of Corti as well as the vestibular sensory epithelia (Zheng et al. 2000 , Zine et al. 2001 , Hayashi et al. 2008 , Li et al. 2008a , b, Doetzlhofer et al. 2009 , Hartman et al. 2009 ). Loss of function mutations in Jag2, Dll1, Hes1, or Hes5 all lead to the development of extra hair cells (Zine et al. 2000 , Zine et al. 2001 , Kiernan et al. 2005 , Brooker et al. 2006 , as does the conditional deletion of Notch1 (Kiernan et al. 2005) or inhibition of Notch signaling pharmacologically during late embryogenesis or neonatal periods (Takebayashi et al. 2007 , Hayashi et al. 2008 .
While these studies clearly demonstrate a critical role for the DSL ligands-Jag1, Jag2, and Dll1-in either the prosensory function of the Notch pathway or the lateral inhibitory pathway, we have recently found that a different type of Notch ligand, delta/ notch-like epidermal growth factor (EGF)-related receptor (DNER) is expressed during later stages of cochlear development. DNER was identified as a novel Notch ligand expressed in developing and adult central nervous system (CNS) neurons (Eiraku et al. 2002) . DNER is a single-pass transmembrane protein containing ten epidermal growth factor-like repeats in the extracellular domain, similar to those of delta-like, Jagged, and Notch proteins (Eiraku et al. 2002 , Nishizumi et al. 2002 . In the cerebellum, where the role of DNER has been particularly well examined, this molecule promotes morphological and functional maturation of glia through intercellular activation of Notch signaling (Eiraku et al. 2005 , Saito and Takeshima 2006 , Tohgo et al. 2006 . DNER binds to Notch1 at cell-cell contacts and stimulates Notch intracellular domain cleavage and CSL-dependent transcription in C2C12 myoblasts (Eiraku et al. 2005 ). In addition, DNER expressed in Purkinje neurons, induces Bergman glial process extension and maturation through gamma-secretase-and Deltex-dependent, CSLindependent (non-canonical) Notch signaling (Eiraku et al. 2005) . Thus, DNER can act through both canonical and non-canonical Notch pathways.
In this study, we use immunolabeling and in situ hybridization to analyze the expression pattern of DNER in the mouse cochlea during development and in adults. We have found that DNER is expressed in auditory and vestibular hair cells during development of the sensory epithelial of the inner ear, partly overlapping in expression with other Notch ligands, Jag2 and Dll1 and Dll3. In addition, DNER is expressed in the neurons and nerve fibers of the innervating spiral and vestibular ganglia, and the expression in both the hair cells and afferent neurons is maintained into adulthood. To determine whether DNER is required for supporting cell maturation, we examined cochleae of adult DNER−/− mice (Tohgo et al. 2006) for defects in expression of supporting cell markers.
MATERIALS AND METHODS

Animals
Wild-type and transgenic mice were housed in the Department of Comparative Medicine at the University of Washington (UWDCM). The Institutional Animal Care and Use Committee approved experimental methods and animal care procedures. DNER knockout mice were previously generated as described (Tohgo et al. 2006) . DNER knockout mice were bred and housed at Kagoshima University Graduate School of Medical and Dental Sciences, 8-35-1 Sakuragaoka, Kagoshima-shi, Kagoshima 890-8544, Japan, under the care of Professor Hirohito Miura. DNER knockout mice were shipped live to the UWDCM and were euthanized for tissue collection upon arrival. DNER−/− and wild-type mice obtained by crossing heterozygous mutants were used for the analyses in this study. To determine the mouse genotypes, PCR analysis was carried out using the synthetic primers from the mouse genomic sequence. The primers used were EGFL1 (25 mer, CTAGG TAGCCAAGACACACCTCGAG), EGFL8 (25 mer, GAGACCTCACAGGCTGGGTCCCAGG), and Neo2 (25 mer, CATCGCCATGGGTCACGACGAGATC). Adult (21-30-day-old) mice were used for this study. A total of five DNER−/− mice, one DNER+/−, and three wild-type mice were collected for analysis. Mice were euthanized according to approved procedures: mice were killed by anesthesia with CO 2 followed by cardiac perfusion with 4% paraformaldehyde (PFA).
Fluorescent immunohistochemistry
Embryos were collected from timed pregnant C57/BL6 mice and staged according to Kauffman (Kauffman 1992) . For postnatal mice, postnatal day 0 (P0) was defined as the day of birth. Embryonic whole heads or P0-P5 half-heads, were fixed overnight in 4% PFA in phosphate-buffered saline (PBS) at 4°C. Adult cochleas were isolated from temporal bones, the stapes was removed from the oval window, a small opening was made in the apex, and cold 4% PFA in PBS was perfused through the cochlea with a syringe. Perfused cochlea were then fixed overnight in 4% PFA in PBS at 4°C, FIG. 1. DNER is expressed in hair cells and afferent and efferent peripheral neurites in the adult mouse cochlea. A A surface view of a 3D-rendered confocal z-series micrograph taken from an adult organ of Corti whole-mount preparation immunolabeled with anti-DNER (green). In this view, expression of DNER can be seen in the three rows of outer hair cells (OHC), the row of inner hair cells (IHC) in the region of the inner spiral bundle (ISB), below and medial to the inner hair cells. Within the ISB, DNER expression is strong in many presumptive efferent varicosities (arrowhead points to one example). B-G″ Cryosections were double labeled for DNER and myosinVI, Neurofilament-M (NF-M), synaptophysin, or Tuj1. DNER was coexpressed in hair cells with myosinVI (B-B′). C-C″ NF-M labeled the neurites of the inner spiral plexus, which are also strongly labeled with DNER, as well as the tunnel-crossing medial efferent fibers (MEF), which contained low levels of DNER. D-D″ The olivocochlear lateral efferent terminals (LET) and medial efferent terminals (MET) were labeled specifically with anti-synaptophysin and were found to express DNER with a large degree of overlap. E-E′ Anti-Tuj1 was used to label all of the afferent and efferent neurites in the organ of Corti to confirm the identity of the DNER-positive fibers and the brightness of the image was increased to ensure visualization of the fibers. In addition to the ISP and tunnel-crossing MEFs, the afferent type II outer spiral fibers (OSF, also referred to as basilar fibers) can be seen running laterally crossing the floor of the tunnel to the region below the outer hair cells where they join with other type II fibers to form the three outer spiral bundles (OSB). Thus, DNER expression is enriched in all of the organ of Corti fiber populations particularly at the terminals. F Higher magnification view of DNER labeling in the organ of Corti from D. G DNER immunolabeling is absent in the organ of Corti of DNER−/− mice, confirming antibody specificity. Scale bar in A=50 µm. Scale bar in E=100 µm and applies to panels, B-E″ and G. Scale bar in F=50 µm.
washed 3×30 min in PBS, and decalcified in 0.27 M EDTA in PBS for 48 h at 4°C. After fixation and decalcification (for adult cochleas) whole cochlea or heads were cryoprotected through graded sucrose in PBS (10% sucrose, 15% sucrose, 15% sucrose with 50% optimal cutting temperature compound (OCT)) then embedded in OCT (Tissue Tek), frozen in a bath of ethanol and dry ice, sectioned at 10 µm, and mounted on Superfrost Plus slides (Fisher Scientific). For wholemount immunolabeling, adult cochleas were fixed and decalcified as above, then dissected to isolate the cochlear duct and expose the surface of the organ of Corti. Whole-mount tissues and slides with cryosections were blocked for 1 h in 10% FBS in PBS with 0.1% TritonX-100 at room temperature. Primary antibodies were diluted in block and incubated overnight at 4°C. Slides or whole-mount tissues were then washed in PBS 3×10 min, and incubated in species-specific fluorescentlabeled secondary antibodies AlexaFluor 488, 568, or 594 nm (1:500, Invitrogen). After immunostaining, tissues were coverslipped on slides in Fluoromount G (Southern Biotechnology, Birmingham, AL, USA). Images of most stained sections were acquired on a Zeiss Axioplan 2 microscope equipped with DIC optics and a Spot camera. Images of adult cochlea sections and whole-mount tissues were captured on a Zeiss LSM Pascal confocal microscope and processed using Improvision Volocity (3.0.2). Images were compiled with Adobe Photoshop 7.0.
Antibodies
Primary antibodies used were goat anti-DNER (R&D Systems Cat# AF2254) 1:100, Guinea pig anti-myosin- VIIa (S. Heller) 1:500, Rabbit anti-myosinVI (Proteus Biosciences) 1:1,000, mouse anti-Tuj1 (Covance) 1:500, rabbit anti-Neurofilament-M (145kD, Chemicon), rabbit anti-synaptophysin (Chemicon) 1:1,500, guinea pig anti-glutamate aspartate transporter (GLAST; Chemicon) 1:1,000, rabbit anti-glial fibrillary acidic protein (GFAP; DAKO) 1:1,000, and mouse anti-CNPase (Sigma) 1:200. Secondary antibodies used were goat anti-mouse Alexa 594, chicken antimouse 594, goat anti-rabbit Alexa 594, donkey antigoat 488, and goat anti-rabbit Alexa 488, all from Molecular Probes, and goat anti-guinea pig Cy3 from Chemicon.
Paraffin in situ hybridization
DIG-labeled antisense riboprobe was prepared for in situ hybridization for mouse DNER from cDNA clone MGC: 39059 (IMAGE: 5365190). In situ hybridization was performed as previously described (Nelson et al. 2004 ). Briefly, P5 and P7 halfheads (with brains removed), were fixed overnight at 4°C in modified Carnoy's solution (60% ethanol, 11.1% formaldehyde (30% of 37% stock), 10% glacial acetic acid), dehydrated though an EtOH series, prepared for paraffin embedding, and sectioned at 6-8 µm. Slides were baked overnight at 68°C, dewaxed in Xylene, rinsed in 100% EtOH, and air dried at room temperature. Overnight hybridization and subsequent washes were carried out at 68°C. Hybridized probe was detected using anti-Digoxygenin alkaline phosphatase conjugated antibody (1:2,000 dilution, Roche Biochemical, Indianapolis, IN, USA) and visualized with NBT/BCIP for a blue precipitate. After in situ hybridization, sections were post-fixed in 4% PFA, rinsed in PBS, and mounted with Fluoromount G.
RESULTS
In the adult organ of Corti, DNER is expressed in hair cells and afferent and efferent peripheral neural processes and terminals
To analyze the expression of DNER in mature and developing inner ear, we used immunohistochemistry with an antibody raised against DNER. We verified that the labeling we found with this antibody in the cerebellum conformed to that already described in earlier publications (data not shown), and we also confirmed the expression in the inner ear using in situ hybridization in some cases. As an additional control for antibody specificity, the DNER expression patterns that we describe in this report were not present when we labeled sections from DNER−/− mice (see Figs. 1G and 6 and 7). DNER is expressed in auditory hair cells and peripheral neurites in the adult organ of Corti. Figure 1A shows a 3D-rendered confocal z-series micrograph of a whole-mount surface preparation of adult organ of Corti, DNER immunoreactivity was strong in both inner and outer hair cells as well in neurites associated with the inner hair cells, specifically the radial fibers and inner spiral bundle fibers (ISB, Fig. 1A ). DNER expression was also apparent in presumptive efferent terminal varicosities (Fig. 1A , arrowhead marks one example), which were abundant in the region of the inner spiral bundle and radial fibers. Double-immunolabeling with anti-DNER and other markers of hair cells and neurite populations in sections of adult organ of Corti confirmed that hair cells and nerve fibers express DNER. DNER colocalized with myosinVI in inner and outer auditory hair cells (Fig. 1B-B″ ). The pattern of DNER immunolabeling in hair cells was punctate in the cytoplasm and mostly excluded from the nucleus. DNER was enriched in apical compartments of hair cells but was not present in hair cell bundles.
DNER is expressed in a punctate pattern in both afferent and efferent fibers and terminals in the adult organ of Corti, which were identified anatomically and by colabeling with specific markers (Fig. 1C-E″) . Afferent fibers of type I and type II spiral ganglion neurons innervate inner hair cells and outer hair cells, respectively. The cochlear efferent neurons have their cell bodies in the superior olivary complex in the brainstem; the medial and lateral olivocochlear bundles innervate the outer hair cells and the radial fibers associated with the inner hair cells, respectively (Warr and Guinan 1979) . In sections of adult organ of Corti, expression of DNER was most prominent in regions anatomically corresponding to the afferent radial fibers (terminals of type I spiral ganglia that synapse on inner hair cells), the inner spiral bundle (lateral efferents running under the inner hair cells) and the outer spiral bundles (fibers and terminals of type II spiral ganglia that synapse on outer hair cells; Fig. 1C , D, and E). To confirm localization of DNER to specific fiber and terminal populations, we doublelabeled organ of Corti sections with anti-DNER and antibodies to Neurofilament (NF-M, Fig. 1C-C″) , synaptophysin ( Fig. 1D-D″) , and Tuj1 (β-III tubulin, Fig. 1E-E″) . We have previously used the anti-Neurofilament-M antibody (Chemicon, 145 kD NF-M) to label spiral ganglion cells and dendrites in the developing mouse cochlea (Hartman et al. 2007) , and it has also been used to label both type I and type II spiral ganglion cells in the adult guinea pig (Corrales et al. 2006 ). In the adult mouse, the NF-M antibody labels spiral ganglion neuron cell bodies and many of their processes, as well as olivocochlear efferent nerve fibers, the inner spiral bundle and medial efferent tunnel-crossing fibers of the organ of Corti (Figs. 1C-C″ and 2C-C″). Synaptophysin is an intrinsic membrane protein of synaptic vesicles present specifically in the medial and lateral olivocochlear efferent nerve terminals ( Fig. 1D-D′ ; GilLoyzaga and Pujol 1988 , Knipper et al. 1995 , Counter et al. 1997 . The Tuj1 mouse monoclonal antibody (Covance) is highly reactive against the neuron specific β-III tubulin and labels the projections of all cochlear neurons in rats (Lallemend et al. 2007 ) and we found it also labels all of the projections in the adult mouse cochlea (Fig. 1E-E′) . Close examination of double-labeled sections confirmed that DNER protein is found in all fiber populations labeled with NF-M and Tuj1 (Fig. 1C-C″ and E-E″), with most intense labeling in the radial fibers, inner spiral bundle, and fibers below the outer hair cells, which include both type II afferent fibers and medial efferent terminals. DNER immunolabeling was frequently found throughout synaptophysin-labeled medial and lateral efferent terminals ( Fig. 1D-D″) .
DNER is expressed in both type I and type II spiral ganglion neurons in the adult
We performed double-immunolabeling experiments with anti-DNER and three other distinct markers of spiral ganglion cell populations (Fig. 2) , to evaluate which, if any, expressed DNER in the adult. We found that all spiral ganglion cell bodies were labeled with DNER in the adult mouse cochlea ( Fig. 2A-C and A″-C″) and confirmed that DNER colocalized with calretinin (Fig. 2A′, A″) , peripherin (Fig. 2B′, B″) , and NF-M (Fig. 2C′, C″) . Calretinin is expressed in most type I spiral ganglion cells in rodents, but not in type II spiral ganglion cells (Dechesne et al. 1991 , Dechesne et al. 1994 , Koo et al. 2002 . Consistently, we found that DNER is expressed in all calretininpositive cell bodies and most of the cells labeled with DNER were also labeled with calretinin. About onethird of the DNER-labeled cells were negative for calretinin (arrowheads point to several examples in Fig. 2A-A″) . The DNER-positive but calretinin-negative spiral ganglion neurons were typically small and most were located in the lateral portions of the ganglia, many of which are likely type II spiral ganglion neurons. To confirm that DNER is expressed in type II spiral ganglion cells, we double-labeled sections with antibodies to DNER and peripherin (Fig. 2B-B″) , which has been shown to be expressed specifically in type II spiral ganglion neurons in adult rodents (Hafidi et al. 1993 , Hafidi 1998 . DNER was expressed in all of the peripherin-labeled type II spiral ganglion cells, which made up a small subset of total spiral ganglion neurons and were typically found in the lateral portions of the ganglia. We also doublelabeled tissues with anti-DNER and rabbit anti-NF-M, which labels all spiral ganglion neuron cell bodies and many of their processes ( Fig. 2C-C″ ; Corrales et al. 2006) , confirming that DNER is expressed with NF-M in all adult spiral ganglion cell bodies.
DNER is expressed in spiral ganglion neurons and auditory hair cells during embryonic and postnatal development
We next carried out a series of developmental studies of DNER expression in the hair cells and neurons of the cochlea (Fig. 3) . At E15.5, DNER is expressed strongly in the cell bodies of spiral ganglia neurons and at lower levels in their peripheral processes, which extend laterally to the developing organ of Corti (Fig. 3A-A′′′) . Expression of DNER was largely overlapping with that of Tuj1 in the spiral ganglion neurons and processes (Fig. 3A-A′′′) . After E15.5, DNER continues to be expressed in spiral ganglion cell bodies and peripheral processes throughout embryonic and neonatal development, as shown at E17.5, P2, P4, and P7 (Fig. 3B, C, D , and E, respectively). To confirm DNER localization in FIG. 3 . During embryonic development, DNER is expressed strongly in spiral ganglion neurons and initially at low levels in auditory hair cells, then becomes strongly expressed in auditory hair cells during postnatal development. A-E″ A developmental series of cryosections of cochlear middle turns from E15.5 to P7 immunolabeled for DNER (red, all panels) and colabeled with either anti-Tuj1 (neurons, green A″ and C″) or transgenic Math1-GFP (hair cells, green, B″, D″, and E″). The left column (A-E) shows low magnification views that include the spiral ganglia (sg) and the organ of Corti (oc), while the corresponding panels in the middle column (designated ′ and ″) are high magnification single and mergedchannel views of the cochlear epithelium and the right column (designated ′′′) shows higher magnification views of DNER immunoreactivity within the organ of Corti. During embryonic development (E15.5 A-A″ and E17.5 B-B″) DNER expression is strong in the spiral ganglion (sg) cell bodies and less intense in their peripheral processes, which extend laterally to the developing organ of Corti (oc). Spiral ganglion neurons are double labeled with DNER and Tuj1 antibodies at E15.5 (green, A′ and A″). DNER is expressed at low levels in auditory hair cells labeled with Math1-GFP at E17.5 (green, B′ and B″). C-E″ During postnatal development of the cochlea, DNER expression becomes intense in the peripheral neurites of the organ of Corti (colabeled with Tuj1 in C′ and C″, and examples marked with upward pointing arrows in A′′′-E′′′), and with age becomes progressively more intense in hair cells (labeled with Math1-GFP in D′-D″ and E′-E″, and marked with downward pointing arrowheads in A′′′-E′′′) leading up to strong expression in hair cells at P7 (E-E″). The inset in E shows a section of P5 spiral ganglia probed with in situ hybridization for expression of DNER mRNA (blue), which, similar to antibody labeling, produced a signal in spiral ganglion neurons. Scale bar in E=100 µm and applies to the left column (A-E). Scale bar in E″=50 µm and applies to the middle column (A′-E″). Scale bar in E′′′ =50 µm and applies to the right column (A′′′-E′′′).
b peripheral processes we colabeled with Tuj1 and found a high degree of overlap in the fibers approaching and within the organ of Corti, as shown here at E15.5 and P2 (Fig. 3A′-A′′′ and C′-C′′′, respectively). We also performed in situ hybridization for DNER on sections of P5 inner ear and found expression in spiral ganglia neurons, consistent with the immunolabeling pattern (Fig. 3E, inset) .
We found that DNER is expressed in developing auditory hair cells at very low levels during embryonic and early neonatal development, and becomes expressed at progressively stronger levels during the first postnatal week. DNER was not detectable in cochlear hair cells at E15.5 (Fig. 3A′′′) , but a low level of DNER immunoreactivity was present in hair cells at E17.5 and overlapped with Math1-GFP (Fig. 3B′-B′′′, arrowheads) . Similarly, weak DNER immunolabeling was present in hair cells at P2, above the more intensely labeled peripheral nerve processes (Fig. 3C′-C′′′, arrowheads) . DNER immunoreactivity in auditory hair cells becomes markedly more intense at P4, particularly in outer hair cells, which are labeled with anti-DNER only slightly less intensely than the nearby peripheral neurites (Fig. 3D′ -D′′′, arrowheads). By P7, DNER is expressed strongly in outer hair cells and has reached a moderate level in inner hair cells (Fig. 3E′-E′′′, arrowheads) .
DNER is expressed in adult vestibular hair cells and vestibular ganglion neurons
We performed immunolabeling experiments in the adult mouse vestibule and found that DNER is expressed in hair cells in all five vestibular organs and in vestibular ganglion neurons (Fig. 4) . In sections at low magnification, DNER immunolabeling was visible in all hair cells in the utricle and saccule and colocalized with Tuj1 in all of the vestibular ganglion neuron cell bodies (Fig. 4A-A′′) . At higher magnification, anti-DNER sparsely labeled afferent neurite fibers and was abundant in nerve terminals below utricular hair cells (Fig. 4B-B′′) . DNER labeling in vestibular hair cells was similar to that observed in auditory hair cells; it was strong but somewhat punctate, excluded from the nucleus, enriched in the apical portion of hair cells but very weak or not present in hair cell bundles. To confirm that DNER expression in nerve terminals below hair cells was not present in supporting cells, we doublelabeled vestibular organs with anti-DNER and anti-Sox9 (Fig. 4C-C′) . Sox9 has been shown to be expressed in auditory and vestibular supporting cells during development (Mak et al. 2009 ), and we find that Sox9 labels nuclei of supporting cells and mesenchymal cells, but not hair cells, in the adult. DNER expression did not overlap with Sox9, as seen in a longitudinal optical section through a posterior crista whole-mount immunolabeled for DNER and Sox9 (Fig. 4C-C′) . To determine the localization of DNER in nerve terminals, we colabeled sections with anti-calretinin, which specifically labels all pure calyceal afferent terminals (Desmadryl and Dechesne 1992 , Dechesne et al. 1994 , Li et al. 2008a , or anti-Tuj1, which labels all afferent neurites and terminals (Li et al. 2008a, b) . Transverse sections through cristae double labeled with anti-DNER and anti-calretinin displayed partially overlapping expression patterns (Fig. 4D-D′′) . DNER was found within the lower portions of calretininlabeled calyceal endings but did not label the whole calyx (Fig. 4D′′) . A similar pattern was observed in cristae sections double labeled with anti-DNER and anti-Tuj1 (Fig. 4E-E′′) . DNER expression was found in hair cells and underlying nerve terminals (arrowheads) and some fibers (arrows), but was not localized to the flask-shaped calyceal endings.
DNER is expressed in vestibular hair cells and peripheral neurites during embryonic and postnatal development
We next carried out a series of developmental studies of DNER expression in the hair cells and neurons of vestibular epithelia, and here we show examples of DNER expression in cristae at E15.5, P1, and P5 (Fig. 5) . In contrast to the postnatal onset of DNER in auditory hair cells, we found that DNER is expressed in vestibular hair cells during embryonic development, as early as E15.5 (Fig. 5A) . DNER was also colocalized with Tuj1 in peripheral afferent nerve processes underlying the vestibular epithelia (Fig. 5A,  inset) , at this age. Similarly, in the neonatal crista, DNER was expressed in hair cells and weakly expressed in peripheral neurites (Fig. 5B) . To confirm expression of DNER in vestibular hair cells we probed P5 crista sections with DNER antisense probe and found signal specifically in the hair cell layer of the sensory epithelium (Fig. 5C) . Overall, DNER immunoreactivity in developing vestibular epithelia was similar to that of adult vestibular organs but appeared slightly less intense during embryonic development.
DNER−/− mice exhibit normal organ of Corti morphology and patterns of supporting cell maturation
Earlier studies have shown that DNER is expressed in neurons and is involved in regulating maturation of FIG. 4 . DNER is expressed in adult vestibular hair cells, peripheral nerve endings, and vestibular ganglion cell bodies. A-A″ A low magnification view of a section through the vestibular part of the inner ear containing utricle, saccule, and vestibular ganglion (VG) was immunolabeled with DNER (green A, A″) and Tuj1 (red A′, A″). In this view strong DNER expression can be seen in the hair cells of the utricle and crista as well as the cell bodies of the vestibular ganglia, while Tuj1 labels the vestibular ganglion cells and all of their afferent fibers in the vestibular organs. B-B″ A high magnification view of the utricle section in the boxed region of A, showing DNER (B), Tuj1 (B′) and the two channels merged (B″). DNER expression is strong in hair cells and can also be seen at lower levels in the Tuj1-positive afferent fibers (small arrows point to two examples) and their endings beneath the hair cells. C-C′ An optical section showing a longitudinal view of a posterior crista labeled with DNER (C-C′) and the supporting cell nuclear marker Sox9 (C′). Similar to the expression in the macular organs, anti-DNER labeling is strong in the hair cells and less intense in the underlying neurites. DNER is not expressed in supporting cells. D-D″ A transverse section of a crista double labeled with DNER (D, D″) and the pure calyceal afferent marker calretinin shows that DNER is expressed in the type I hair cells at the apices and is present in the calyceal nerve ending but does not completely overlap with calretinin. E-E″ A similar section to D-D″ double labeled with DNER and Tuj1 shows that DNER is expressed in some of the afferent neurites (large arrow) and terminals below the hair cells (arrowheads) but is not colocalized with Tuj1 throughout the flask-shaped calyceal endings that envelope many of the hair cells. Scale bar in A″=200 µm. Scale bars in B″, C′, and E″= 50 µm. glia in the CNS, presumably through intercellular Notch signaling: DNER−/− mice have defective maturation of Bergman glia, with reductions in GLAST expression and altered morphology (Eiraku et al. 2005 , Tohgo et al. 2006 . In order to test whether DNER plays a similar role in glial and supporting cell maturation in the cochlea we examined inner ears from adult DNER−/− mice and wild-type littermate controls. The organs of Corti of DNER−/− mice lack DNER immunoreactivity (Fig. 6B′-B′′) , but otherwise exhibit normal morphology and expression patterns of markers of hair cells, neurons, and mature supporting cells (Fig. 6) . The intermediate filament, GFAP, is expressed in cochlear supporting cells during postnatal maturation and in adult mice (Rio et al. 2002) . Consistent with Rio et al., we found that GFAP is expressed in inner phalangeal cells, pillar cells, and Deiters' cells in the normal adult cochlea (Fig. 6A-A′′) . Expression of GFAP appeared normal in DNER−/− mice, which completely lacked DNER immunoreactivity (Fig. 6B-B) . To evaluate the structure and morphology of the organ of Corti in mutant animals we immunolabeled hair cells with myosinVIIa and labeled filamentous actin with conjugated phalloidin (Fig. 6C-D′′) . We did not detect any abnormalities in the levels or pattern of phalloidin labeling in pillars or Deiters' cells in mutant animals, and cellular morphology of these cells appeared normal (Fig. 6D-D′′) . Previous studies have reported GLAST expression in inner phalangeal supporting cells (Li et al. 1994 , Furness and Lehre 1997 , Jin et al. 2003 , which increases progressively during the second postnatal week, and reaches adult levels after two postnatal weeks in the mouse (Jin et al. 2003) . Although the developmental time course of GLAST expression correlates with DNER expression, we did not find any change in GLAST expression in the DNER−/− mice.
In addition to analyzing the above markers, we also labeled DNER−/− and control cochlear sections with antibodies against hair cell and neuronal markers myosinVI, synaptophysin, and Tuj1, which resulted in the similar patterns as those shown in Fig. 1 and indicated no gross abnormalities in DNER−/− cochleae (data not shown). To further confirm that supporting cells were unaffected in mutant mice we labeled with antibodies to Sox2, S100A1, Jag1, and P27kip1 and found that these supporting cell markers also stained with normal patterns in DNER−/− cochleae (data not shown).
Spiral ganglia of adult DNER−/− mice exhibit normal neuronal morphology and patterns of glia and myelin staining
We double-labeled spiral ganglia of adult DNER−/− and control mice with anti-NF-M, to label spiral ganglion neurons, and anti-GLAST or anti-CNPase, to evaluate glial maturation and myelination (Fig. 7) . Spiral ganglion neuron morphology and NF-M immunoreactivity appeared normal in DNER−/− mice. Since DNER−/− mice exhibit impaired glial maturation and GLAST expression in the cerebellum, we looked at GLAST immunoreactivity in glia of the spiral ganglia. Previous studies have reported GLAST expression in spiral ganglion satellite cells surrounding type I spiral ganglion neurons (Li et al. 1994 , Furness and Lehre 1997 , Jin et al. 2003 . We double-labeled spiral ganglion sections for GLAST and NF-M and found that patterns of GLAST immunolabeling in satellite cells and NF-M in spiral ganglion cell somata and neurites were similar in wild-type and DNER−/− cochleae (Fig. 7A-A′′ and FIG. 5 . DNER is expressed in neurites and hair cells of vestibular epithelia during embryonic and neonatal development, as shown in transverse sections of cristae. A DNER immunolabeling is detectable at moderate levels in vestibular hair cells and neurites as early as E15.5, inset shows colabeling of neurons with Tuj1 (green). B At P1, DNER expression is strong in vestibular hair cells and is also found in neurites. C In situ hybridization for DNER (blue) message in P5 crista confirms that DNER is produced in vestibular hair cells. Scale bar= 100 µm.
B-B′′). To label myelin and glial cells in the spiral ganglia we used a monoclonal antibody to CNPase (RIP antigen), which has been commonly used to label myelin, oligodendrocytes, and peripheral ensheathing glia (Watanabe et al. 2006 , Toma et al. 2007 . We found that anti-CNPase provided strong labeling of myelin surrounding the somata and ensheathing the processes of type I spiral ganglion cells as well as myelin ensheathing efferent fibers in the intraganglionic spiral bundle (Fig. 7C-C′′) . We double labeled DNER−/− and wild-type spiral ganglia with CNPase and NF-M and found that mutants did not display any abnormalities in myelin patterns or morphology.
DISCUSSION
Earlier studies have described DNER expression in developing and adult CNS neurons (Eiraku et al. 2002 , Eiraku et al. 2005 ). Here we describe the expression pattern of DNER in developing and adult neurons and hair cells in the inner ear. In the CNS, DNER expression was shown to actively promote FIG. 6 . Organs of Corti of DNER−/− mice lack DNER immunoreactivity but exhibit normal morphology and expression patterns of hair cell and supporting cell markers. A-B″ Wild-type (A-A″) and DNER−/− (B-B″) cochlea sections were double labeled for DNER (green) and GFAP (red), a marker of glia and mature supporting cells. DNER immunolabeling is absent in DNER−/− animals (B′-b″), but normal expression of GFAP was observed in inner phalangeal cells (IP), pillar cells (P1 and P2), and Deiters' cells (D, bracket). C-D″ In a similar set of sections from wild-type (C-C″) and DNER null (D-D″) mice, F-actin (in pillar cells, Deiters' cells, and hair cell bundles) was labeled with conjugated phalloidin (green) and hair cells were labeled with anti-myosinVIIa (red). E-F″ Similarly, patterns of GLAST immunolabeling (red) in the membranes of inner phalangeal cells and Neurofilament-M (green) in peripheral neurites were similar in wild-type (E-E″) and DNER−/− (F-F″) cochleae. Scale bar=100 µm.
morphological and functional maturation of glia through intercellular activation of Notch signaling (Eiraku et al. 2005 , Saito and Takeshima 2006 , Tohgo et al. 2006 ). In the auditory sensory epithelia, supporting cells of the organ of Corti have features similar to glia. Inner phalangeal cells ensheath the inner hair cell synapse and express the glutamate transporter GLAST (Li et al. 1994 , Furness and Lehre 1997 , Ottersen et al. 1998 , Furness and Lawton 2003 , Jin et al. 2003 , which has been shown to mediate glutamate uptake at inner hair cell afferent synapses (Glowatzki et al. 2006 ) and play a role in preventing degeneration of hair cells caused by noise damage or aminoglycoside toxicity (Hakuba et al. 2000 , Shimizu et al. 2005 . Cochlear supporting cells have been shown to exhibit GFAP expression and promoter activity (Rio et al. 2002 , Stone et al. 2005 , which is also characteristic of CNS glia. Based on these observations, we reasoned that DNER could function to promote maturation of glia and supporting cells in the inner ear and that DNER−/− mice may exhibit defects in glial and supporting cell morphology and/or protein expression. Our finding that adult DNER−/− mice display apparently normal supporting cells and glia in the cochlea suggests that DNER is not required for maturation of these cell types through Notch signaling as it is in the CNS. Additionally, although DNER−/− mice have no abnormalities in glial or supporting cell morphology or protein expression we cannot completely rule out the possibility of a defect, without physiological studies of auditory and vestibular function, which were not feasible for this study. Furthermore, although DNER−/− mice show slightly impaired cerebellar function and motor discoordination on a rota-rod test (Tohgo et al. 2006) we did not observe any circling or head turning behaviors or balance defects indicative of vestibular disorder.
Although DNER has been shown to regulate the differentiation of glial cells in the CNS, our results indicate that it is not required for this function in the inner ear. It is possible that some other Notch ligand plays a similar role in the developing inner ear epithelia and that DNER is therefore redundant. Previous studies have shown that many Notch ligands are expressed in the developing inner ear, including Dll1, Dll3, Jag1, and Jag2, and that Notch ligands have redundant actions in embryonic development (Lewis et al. 1998 , Lanford et al. 1999 , Morrison et al. 1999 , Kiernan et al. 2005 , Hartman et al. 2007 . At least one of these ligands, Jag1, is present in the postnatal cochlea and even into adulthood (Morrison et al. 1999 , Oesterle et al. 2008 ) and could thus serve to maintain active Notch in the maturing support cells. It is also possible that the function of DNER on glial maturation could be compensated for with a different signaling pathway. Doetzlhofer et al (2009) recently reported that pillar cell maturation requires Hey2, which may be regulated by FGF signaling, rather than or in addition to Notch; this is a good example of how downstream targets of the Notch pathway can also be regulated by other signaling molecules. It is also possible that Notch signaling is not required for supporting cell maturation, as it appears to be for glia in the CNS. Several lines of evidence, including localization of activated Notch (Murata et al. 2006) and analysis of Hes5-GFP reporter mice (Hartman et al. 2009 ) indicate that Notch signaling may be very low or absent in the support cells after the first few postnatal days.
Our results, together with other recent reports, therefore lead us to conclude that support cells appear not to require DNER or canonical Notch signaling during the later stages of their maturation and for maintenance of their phenotype in the mature inner ear sensory epithelia. Moreover, the glia and neurons of the vestibular and cochlear ganglia are not grossly affected by loss of DNER. Nevertheless, the robust expression of this molecule suggests that there may be other roles for DNER that eluded our analysis. Interestingly, DNER was recently shown to be actively endocytosed by a protein tyrosine phosphatase and inhibit neurite outgrowth in Neuro-2A cells (Fukazawa et al. 2008) 
